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Abstract. Reactions of a 16.8 MeV 6He beam with a 9Be target have been investigated using highly
segmented detector setup covering a large solid angle. Data on elastic and quasi-free scattering, as well as
two-neutron transfer, are reported. The results for elastic scattering are fairly well reproduced by a CDCC
calculation, in agreement with the interpretation of a breakup eﬀect already observed for the scattering
of 6He on other light targets. Exotic quasi-free scattering of 6He on α-cluster in 9Be is clearly observed.
Inclusive and coincident events were used to extract information on the two-neutron transfer reaction
9Be(6He, α)11Be. Sequential decay of the 11Be state at the excitation energy Ex = 10.6 MeV through
diﬀerent channels is discussed.
1 Introduction
Elastic and inelastic scattering and transfer reactions in-
duced by light nuclei are a major source of spectroscopic
information. Selective population of states by transfer re-
actions can often give a straightforward insight into their
structure. The use of radioactive beams, although experi-
mentally demanding, allows these methods to be employed
for nuclei far from the line of stability.
Reactions induced by 6He have attracted considerable
interest as it is the lightest two-neutron halo nucleus [1].
Measurements at various energy ranges have shown the
importance of the role played by the continuum in the
reaction mechanism and its eﬀects on the elastic scatter-
ing and fusion probabilities [2–6]. Experimental data are,
however, still rather scarce (see, e.g. [6], for a recent re-
view), especially at low energies, so further measurements
are very welcome.
In the present work, the choice of the target (9Be) was
primarily motivated by the aim of studying the 7He. The
nucleus 9Be is a rather deformed and loosely bound system
a e-mail: marija@phy.hr
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which is amenable to a cluster or molecular model descrip-
tion. For example, the ground state of 9Be is described as
two clusters (α + 5He) in the L = 0 relative motion (see
e.g. refs. [7,8]). The ﬁrst three states of the ground-state
rotational band are clearly identiﬁed, while the fourth one
is still under discussion (see, e.g. ref. [7]) —unfortunately,
the beam energy in this experiment was too small to study
that state. Other known states in 9Be also show promi-
nent clustering; actually, most of them ﬁt the so-called
“molecular” picture in which valence neutrons ﬁll diﬀer-
ent molecular orbitals around two α-particles [9,10]. Such
an exotic structure makes 9Be a good target for studies of
cluster and molecular states in heavier beryllium isotopes,
as well as other light nuclei.
The 6He + 9Be reactions were previously investigated
only at 150MeV [11,12]. Diﬀerential cross-sections were
reported for quasi-elastic scattering, breakup reaction and
1n- and 2n-transfer reactions. Angular distribution for the
6He+ 9Be elastic scattering at E ≈ 9MeV is given in [13].
In this work we report the results for the reactions of
a 16.8MeV 6He beam on a 9Be target. These results were
obtained as part of an experiment designed to probe the
structure of 7He via the 9Be(6He, 8Be)7He reaction [14].
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Fig. 1. Schematic view of the experimental setup. The posi-
tions of the target and Faraday cup are indicated with “T” and
“FC”, respectively. LEDA and LAMP are silicon strip detector
arrays described in text.
2 Experiment
The experiment was performed at the Cyclotron Re-
search Center (CRC), the radioactive beam facility in
Louvain-la-Neuve [15,16]. The experimental setup is given
in ﬁg. 1. The 16.8MeV 6He+ beam was produced by the
Isotope-Separation-on-Line technique using two coupled
cyclotrons. The average intensity of the beam on the Be-
target was about 107 pps for a total irradiation time of
about ﬁve days. The beam purity was excellent —the only
impurity observed was a very small contribution of the
HeH+2 ions [17]. The target used was a 400µg/cm
2 thick
self-supporting foil of 9Be manufactured at the Laboratori
Nazionali del Sud (Catania, Italy). For calibration and
normalisation purposes, an Au target 200µg/cm2 thick
was also used.
Outgoing charged particles were detected in 224 sil-
icon strip detectors arranged in the two large detector
arrays [18]. The forward-angle detector array (LEDA,
Louvain-Edinburgh Detector Array) consisted of 8 seg-
ments each containing 16 strips, 300µm thick. The polar
angles covered were 4◦–12◦ and the azimuthal range was
0–360◦. The second detector array (called LAMP because
of its lampshade geometry) had 6 segments of LEDA-type
detectors (each segment was inclined 45◦) and was placed
closer to the target to cover larger polar angles (22◦–72◦)
and also the full azimuthal range. The energy calibration
of detectors was performed with the three-peaks-alpha-
source and elastic scattering of 6He on the gold target.
The intrinsic energy resolution was ≈ 25 keV.
Particle identiﬁcation was performed by the time of
ﬂight (ToF) method. A typical ToF vs. energy spectrum
for a single strip at θ = 11.3◦ is displayed in ﬁg. 2. The
mass resolution obtained for LEDA was good enough to
separate α-particles from 6He nuclei, while in LAMP the
small distance to the target resulted in a poor mass separa-
tion. For some coincidence events, identiﬁcation of outgo-
ing particles detected in LAMP was achieved by kinematic
reconstruction (by calculating the so-called kinematical
mass from the energy and angle of detected particles).
The total collected charge was monitored by a Faraday
cup —its reading was normalised with a measurement of
elastic scattering of 6He on the thin gold target (purely
Fig. 2. Time-of-ﬂight (ToF) vs. energy spectrum for one of
the strips in the LEDA detector array.
Rutherford at the beam energy used). The FWHM of the
elastic peak recorded in a single strip in LEDA was around
60 keV, larger than the intrinsic energy resolution of the
detector —this was due to the beam energy spread and
straggling from energy loss in the target. An additional
enlargement occurred for the measurement on 9Be due to
the ﬁnite polar angle covered by each strip (which was
much larger in LAMP than in LEDA).
3 Results
3.1 Elastic scattering
There are only a few measurements of the 6He elastic
scattering on light targets at low energies. The ﬁrst data,
measured at E ≈ 9MeV on several targets [13], could be
reproduced using optical model parameters from 6Li and
7Li rather than parameters from 4He. The same behaviour
was observed for the 6He scattering on 12C [19] and 6,7Li
at E = 18MeV [20]. For these targets a direct comparison
of the actual scattering data for the 6He and 6Li projec-
tiles is found in the latter two publications. Comparison of
data for the scattering of 6He and 6Li projectiles on a 4He
target at Ecm ≈ 11MeV is found in ref. [21]. In all cases,
the data show strong similarities, leading to the conclu-
sion that the reaction mechanism for the two projectiles
was similar.
Diﬀerences appeared, on the other hand, for the elas-
tic scattering on heavier targets like 208Pb [4]. They were
explained as the eﬀect of projectile breakup into an α-
particle and two neutrons (for 6He) or a deuteron (for
6Li). On heavy targets, the part of the breakup due to the
Coulomb ﬁeld acts diﬀerently on the two projectiles.
The coupling of breakup to elastic scattering remains,
however, important also for light targets (in this case, the
nuclear ﬁeld is the prominent one). This was shown in
refs. [21] and [22], where the 6He+ 4He and the 6Li+ 4He
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Fig. 3. Experimental angular distribution for the 6He + 9Be
elastic scattering measured at E = 16.8MeV (full circles),
compared with data for the 6Li + 9Be scattering at E =
16.6MeV [25] (open circles). The dotted and dashed curves
are optical model ﬁts of the 6He + 9Be and 6Li + 9Be data,
respectively. The solid curve is a calculation for the 6He+ 9Be
elastic scattering that takes into account the breakup of the
6He projectile using the CDCC method. Error bars are smaller
than the size of data points as plotted.
scattering data were reproduced by calculations in which
the projectile breakup channel was taken into account by
using the continuum-discretised coupled-channel method
(CDCC) and, more recently, in ref. [23], where a four-
body CDCC calculation, which included a three-body
description of the Borromean 6He nucleus, managed to
obtain a good agreement with the 6He + 12C data at
E = 18MeV. Coupling to the breakup channel could also
be invoked to explain the discrepancy between the high-
quality 6He + 12C scattering data at 10.2MeV and the
optical model ﬁt (using 6Li parameters) in ref. [24], how-
ever the calculations in this case were not made.
Our experimental angular distribution for the 6He +
9Be elastic scattering is given in ﬁg. 3. At small angles,
the data points were obtained from the number of events
in the elastic peak in inclusive spectra of both detector
arrays. At larger angles, where the peak was not imme-
diately visible, LAMP-LAMP coincidence events identi-
ﬁed through kinematic reconstruction were used. The ef-
ﬁciency of coincidence detection of such events has been
obtained by Monte Carlo simulations. In the overlapping
region agreement between the data points obtained with
the two methods was very good and the ﬁnal result (shown
in ﬁg. 3) is obtained as the weighted average. An addi-
tional systematic uncertainty of about 10% is related to
the normalization performed with the Au target.
Experimental data for the 6Li + 9Be elastic scattering
at 16.6MeV [25] are also shown in the same ﬁgure. As ex-
pected from the arguments presented above, the two data
sets exhibit similar behaviour. Optical model ﬁts were per-
formed, based on existing parameters for the 6Li + 9Be
system at 32MeV [26]. In the ﬁt, the depth of the real
and imaginary parts of the potential were allowed to vary
(a ﬁt varying the radius and diﬀuseness parameters did
not lead to physically meaningful results).
The resulting curves (ﬁg. 3) start to diﬀer from the
data at angles beyond θcm ≈ 100
◦ for 6Li, and already
at θcm ≈ 70
◦ for 6He. For the 6He + 9Be scattering, a
CDCC calculation was also performed using the version
FRXY.4a of the code fresco [27]. The 6He continuum
above the α + 2n breakup threshold was discretized into
momentum bins with the same scheme used by the authors
in ref. [21], but taking into account the whole momentum
space. The di-neutron model from ref. [21] is known to
overestimate the eﬀect of breakup for heavy targets [28];
however in the present case, where nuclear forces domi-
nate, we expect essentially no diﬀerence with respect to
the more reﬁned model of ref. [28]. For the 4He-9Be inter-
action, required by the calculation, the potential reported
in ref. [29] was used. The result of the calculation was not
very sensitive to the parameters of the 9Be-2n scatter-
ing potential, for which a scan was performed; eventually,
real and imaginary potential depths V = −50MeV and
W = −17MeV were used, with radius r = 1.4 fm and
diﬀuseness a = 0.5 fm. With the CDCC method, thus in-
cluding the eﬀect of the projectile breakup channel, the
agreement with the experimental data was improved. The
total reaction cross-section, as given by the CDCC calcu-
lation, is 1436mb.
The transfer channel, and in particular the 1n- and
2n-transfer from the 6He projectile, could also play a role
in the reaction mechanism. However a more sophisticated
calculation, beyond the scope of this article, would be nec-
essary to assess the extent of such eﬀects on the elastic
scattering. Even if somewhat partial, however, the results
that we obtained in the CDCC framework support pre-
vious observations of an eﬀect of the breakup channel on
the elastic scattering of light weakly bound nuclei at these
low energies (see, for example, ref. [30]).
3.2 Quasi-free scattering
In the quasi-free scattering (QFS), one of the nuclei in the
collision scatters on the cluster in another nucleus and
ejects that cluster from the parent nucleus. If the scat-
tering happens on the cluster in the target nucleus, the
remaining “spectator” is assumed to have an energy close
to zero (actually, the energy of the spectator depends on
the relative motion of the clusters in the nucleus and for
L > 0 it can range up even to a couple of hundred keV). As
such, although there are three particles in the ﬁnal state,
two-body kinematics can be applied (including the condi-
tion that two outgoing particles should have ∆φ ≈ 180◦).
In this manner, particle identiﬁcation becomes possible in
the present experiment for coincidence events, even for the
LAMP detector where the ToF method cannot be applied.
The nucleus 9Be is known to have a well-developed
cluster structure in the ground state which leads to















































































Fig. 4. Total energy for the 6He+α coincidences selected with
both particles detected in LAMP and for (a) quasi-free angles:
28◦ < θ1 < 32
◦, 22◦ < θ2 < 36
◦, ∆φ ≈ 180◦; (b) polar angles
not fulﬁlling quasi-free conditions; (c) azimuthal angles not
fulﬁlling quasi-free conditions. (d) The 9Be excitation energy
for the events from panel (a) of this ﬁgure. The dashed line
gives the energy of the third (undetected) particle with the
energy scale given at the right side of the ﬁgure.
pronounced scattering of stable projectiles on one of the
α-clusters in 9Be, as observed in a number experiments.
In most of the QFS measurements with a 9Be target, the
(α, 2α) reaction was studied [31–33], while there are also
some results for the (p,pα) reaction [34,35].
On the other hand, QFS of weakly bound projectiles,
especially those having low energy, is an interesting sub-
ject to study. Particularly, for such projectiles, QFS is ex-
pected to be suppressed by other processes (mainly break-
up). Surprisingly, it has been found that the weakly bound
nucleus 7Li at E = 52MeV can undergo quasi-free scat-
ter from 9Be [36]. Furthermore, quasi-free scattering of
an even more weakly bound (and radioactive) projectile,
6He, on the deuteron cluster in 6Li has been recently
claimed [37,38] for the 6He + 6Li system at E = 18MeV.
This claim can be further strengthened by the observation
of QFS in the 6He + 9Be system.
Figures 4(a)–(c) show the total energy of two parti-
cles detected in LAMP for diﬀerent angular regions. Two-
body kinematic conditions (corresponding to the 6He and
α as outgoing particles after QFS) were applied to se-
lect events shown in spectrum (a). Figures 4(b) and (c)
were obtained without applying the QFS conditions for
polar and azimuthal angles, respectively. A clear diﬀer-
ence between the total energy spectra in ﬁgs. 4(a)–(c) is
the strong peak visible at Etot ≈ 14.3MeV in panel (a)
which is absent in (b) and (c). Two-body exit channels
could not produce a peak seen in ﬁg. 4(a). Since the Q-
value of the 6He + α QFS is −2.5MeV (corresponding to
the α-particle separation energy in 9Be) and the remain-
ing, undetected particles carry only a very small kinetic
energy, one can conclude that the peak is produced by the
6He + α QFS.
To conﬁrm that the 6He + 2α + n exit channel is
reached through QFS and not through sequential decay
of states in 9Be, 10Be and 11Be, one has to check all rel-
ative energy spectra between particles in the exit chan-
nel. Panel (d) of ﬁg. 4 shows that the events in (a) do
not arise from sequential decay through the states in 9Be
because they would correspond to an excitation energy
centred at Ex(
9Be) ≈ 7.5MeV (as calculated from en-
ergy and angle of detected 6He) where there are no 9Be
states that decay via α-emission [7]. Similarly, it has been
veriﬁed (from the energy and angle of the detected α-
particle) that the quasi-free peak in ﬁg. 4(a) corresponds
to Ex(
11Be) ≈ 11–14MeV and that it is not caused by
the sequential decay of states in 11Be. Finally, in the 10Be
excitation energy spectrum, the quasi-free peak appears
as a broad bump at Ex(
10Be) > 10.9MeV. The 6He + α
cluster structure of 10Be has been extensively studied in
recent years and such states are now well established [39–
41] —it is known that in the region Ex(
10Be) > 10.9MeV
there are no states that can produce such a strong peak
as the one given in ﬁg. 4(a).
All these arguments give clear evidence to claim ob-
servation of QFS of the 6He projectile on the α-cluster
in 9Be. This is consistent with a previous observation for
the 6He + 6Li system [37,38], which is to our knowledge
the only report of QFS of a weakly bound radioactive
projectile on a cluster in target nuclei. The value of this
(only qualitative) observation is not in studying the struc-
ture of the target nucleus (9Be) which can be better done
with stable beams, but rather in opening a possibility to
apply QFS to learn something about neutron scattering
on neutron-rich nuclei (by the use of radioactive nuclear
beams and, e.g., deuterons as neutron target).
3.3 The 6He + 9Be → α + 11Be reaction
In a series of measurement by the Berlin group [42–45], it
was shown that transfer of two (or three) neutrons onto
a 9Be target populates a large number of states in 11Be
(12Be) up to high excitation energies, contrary to the mea-
surements with the 10Be target where only low-lying states
are populated. Based on these results, the existence of a
rotational band in 11Be was suggested [9,42–46], with a
deformation comparable to that of a recently established
band of extremely deformed states in 10Be [39,40]. The-
oretical calculations in the framework of antisymmetrised
molecular dynamics [47] provide strong support for the ex-
istence of such states, while the microscopic multicluster
model (involving 2α+3n conﬁgurations) does not support
this conjecture [48]. Large-basis ab initio shell model in-
vestigation of 11Be has also been performed [49], reproduc-
ing the spectrum of the low-lying 11Be states. A very re-
cent experimental study of the 9Be(16O, 14O) reaction [50]










































Fig. 5. 11Be excitation energy spectrum derived from the ener-
gies of the α-particles detected in LEDA. FWHM of the ground
state is about 140 keV mostly due to ﬁnite size of the detector















Fig. 6. 11Be excitation energy spectrum extracted from the
LEDA-LEDA coincidence events with particles having A = 4
and A = 6 (upper panel) and A = 4 and A = 9–10 (lower
panel).
with sequential neutron decay of the populated 11Be states
furnished further data on states up to Ex = 8.82MeV.
Figure 5 displays the 11Be excitation energy spectrum
for the 9Be(6He, 4He)11Be reaction with α-particles de-
tected in LEDA (single events). This spectrum resem-
bles more closely those obtained [42–45] with the two-
neutron transfer reactions with heavier projectiles (13C,
14N, 16O) at much higher energies, than to the spectrum
obtained through the 9Be(t,p) reaction at 20MeV [51,
52]. In addition, our spectrum exhibits a more pronounced
background arising principally from 6He breakup. This
background is strongly suppressed for the coincidence
events, as shown in ﬁg. 6. Eight peaks in 11Be can be
clearly identiﬁed in ﬁg. 5: apart of the ground state
(3/2−), these peaks correspond to the states at Ex =
0.32MeV (1/2−), 1.78MeV (5/2+), doublet at≈ 3.9MeV,
5.24MeV, 6.71MeV, 8.82MeV, and 10.6MeV (the spins
and parities of the last three states are not yet estab-
lished). The state at Ex = 2.69MeV (3/2
−) also seems
to be weakly populated in ﬁg. 5. A peak at Ex(
11Be) ≈
6.2MeV corresponds to the elastic scattering, not com-
pletely suppressed by the gate in the ToF vs. E spectrum
(ﬁg. 2).
Figure 6 displays the 11Be excitation energy spectrum
extracted from the LEDA-LEDA coincidence events with
particles of A = 4 and A = 6 (upper panel) or A = 4 and
A = 9–10 (lower panel). The high-energy α-particle arise
from the ﬁrst step (i.e. the 9Be(6He, α)11Be reaction), and
the excitation energy spectrum is calculated from the de-
tected energy and angle of that particle. The 6He or 9,10Be
nuclei (the 9Be and 10Be events were not clearly resolved)
arise from the sequential decay of the 11Be states. A strong
peak that dominates both spectra in ﬁg. 6 corresponds
to the known 11Be state at Ex(
11Be) ≈ 10.6MeV (listed
as Ex(
11Be) = 10.71MeV in ref. [50]). The same 11Be
state is seen also in the α + α coincidences (both parti-
cles in LEDA). With the obtained results it is not possi-
ble to determine through which of the sequential channels
(10Be∗ + n, 7He + α or 6He + 5He) this state decays.
A comparison of the number of counts in the
Ex(
11Be) = 10.6MeV peak in the two spectra in ﬁg. 6
gives a factor of 1.83 more counts for the 9Be(6He, αBe)
case. A simple Monte Carlo simulation taking into account
only the geometry of detectors (and not the details of de-
cay angular distributions) gives the detection eﬃciency for
the two discussed exit channels (6He+α+n and 9Be+2n)
same within 15%. Therefore, if the 10Be states are in-
volved in sequential decay, those have to be the states
which show comparable decay strengths through both the
9Be + n and the 6He + α channels —there is only one
such state known in 10Be and that is the 2+ state at
Ex(
10Be) ≈ 9.56MeV [39,53,54].
This conclusion agrees with the results of the 11Li
β-decay studies [55–58] that there is a signiﬁcant β-
decay branch to the Ex(
11Be) = 10.6MeV state, which
then decays by neutron emission to one of the states at
Ex(
10Be) ≈ 9.3–9.6MeV (now known to be the 2+ state
at 9.56MeV) and then to either the 6He + α channel [56]
or 9Be + n channel [55,57]. It is interesting to note that
the discussed 11Be state is around 10.1MeV above the
10Be + n threshold, and this is just equal to the exci-
tation energy of the recently established 4+ molecular
state in 10Be [39,40]. This, and the fact that is strongly
populated in the β-decay of the halo nucleus 11Li, indi-
cates that the 10.6MeV state in 11Be has a very spe-
cial structure, probably with well developed clustering.
Studying reactions with other radioactive projectiles, like
7Li(8Li, α)11Be (Q = 13.3MeV) or 13C(6He, 8Be)11Be
(Q = −4.4MeV), could give further information on the
structure of this very interesting state.
4 Conclusions
The ﬁrst experimental results for the 6He+ 9Be reactions
measured at low energy (E = 16.8MeV) are presented.
The elastic scattering data is compared with scattering on
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a 6Li target at a similar energy and with CDCC calcula-
tions which suggest that breakup plays a role even at these
low beam energies. The 6He quasi-free scattering oﬀ the α-
cluster in 9Be is clearly observed, conﬁrming the claim [37,
38] that even spatially extended and very weakly bound
nuclei can undergo such scattering. The two-neutron strip-
ping reaction, 9Be(6He, 4He)11Be, is investigated and the
11Be excitation energy spectra are derived from inclusive
and coincidence events. States suggested [9,42–45] to have
a strong deformation and to belong to a rotational band
are selectively populated and for one of these states (at
10.6MeV), the sequential emission of α-particles, 6He and
Be nuclei has been observed.
We would like to thank the technical staﬀ at the RNB facility
at the CRC-Louvain-la-Neuve for their valuable contributions
to this work.
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